How the nervous system regulates animal behavior based on past experience is a fundamental question in neurobiology. C. elegans has a well-characterized nervous system composed of only 302 neurons but still responds to a wide variety of environmental stimuli, such as chemicals, forces, and temperature (de Bono and Maricq, 2005) , as well as light (Ward et al., 2008) . As such, it has emerged as a powerful model system for decoding behavior at the genes, circuit, and single neuronal levels. Specifically, how C. elegans perceives temperature has received a lot of attention, and past work has yielded important insights into sensory perception, behavioral regulation, learning, and memory (Garrity et al., 2010) . Interestingly, in addition to neuronal functions, temperature regulates other physiological processes, such as aging and longevity (Xiao et al., 2013) . In the 1970s, Hedgecock and Russell reported an interesting behavior called thermotaxis in which animals remember their past cultivation conditions and migrate up or down a temperature gradient to reach that cultivation temperature (Hedgecock and Russell, 1975) . Work from several groups using genetic, laser ablation, calcium imaging, and electrophysiological approaches have begun to elucidate the underlying neural and molecular circuitry of thermotaxis. Briefly, AFD neurons act as the major thermosensory neurons and transmit information to downstream interneurons to generate different modes of thermotactic movement (Mori and Ohshima, 1995) . Remarkably, recent elegant studies using calcium imaging and electrophysiology demonstrated that the activity of AFD is increased only at temperatures above the cultivation temperature (T c ), and this threshold can be reset upon shifting the animals to other temperatures for 2-4 hr (Clark et al., 2006; Kimura et al., 2004; Ramot et al., 2008) . These results strongly suggest that the memory of cultivation temperature is stored in AFD neurons; however, the mechanistic details remain mysterious.
In addition to thermotaxis, worms respond to noxious heat by exhibiting a stereotyped avoidance response: a stop in forward movement followed by reversal and reorientation away from the heat source (Ghosh et al., 2012; Wittenburg and Baumeister, 1999) . However, relatively little is known about the mechanisms underlying noxious temperature sensation. In addition, nothing is known about how the threshold of noxious heat is set in the first place, whether it can be reset upon past experience, and the molecular mechanisms involved in such resetting.
In this issue, two studies significantly expand the understanding of how past temperature experience modulates thermosensory behaviors in C. elegans Schild et al., 2014) (Figure 1 ). Using elegant behavior-based genetic screens and carefully designed time course experiments, both studies identified CMK-1 (CaMKI) as a major player in regulating experience-dependent plasticity in AFD and FLP neurons, which respond to physiological and noxious temperature ranges, respectively. Specifically, both studies demonstrated that CKK-1 (CaMK kinase)-mediated phosphorylation of CMK-1 regulates nuclear localization of CMK-1, which is essential for correct adaptation in response to past experience. These findings are interesting, as CaMKs are known to be involved in memory storage, and CaMKs in complex with Ca +2 /CaM translocate to the nucleus and activate transcription factors like CREB, which in turn activates a cascade of downstream effectors (Ma et al., 2014) . From these two studies, it is fascinating to see that the operating ranges of different sensory neurons are regulated by similar mechanisms, suggesting a common role for CMK-1 in adaptation.
Identification of a Role of CMK-1 in Encoding Temperature Response Threshold in AFD Neurons
Although the memory of cultivation temperature (T c ) appears to be stored in AFD neurons, the molecular mechanisms involved remain to be elucidated. Here, Sengupta and colleagues studied the role of CMK-1 in altering the temperature response threshold of AFD (T* AFD ) upon exposure to temperatures higher than T c (Figure 1 ). To determine whether CMK-1 is required to set the correct T* AFD when animals were grown overnight at different temperatures (15 C, 20 C, 25 C), the authors investigated the intracellular calcium dynamics in AFD using a genetically encoded calcium sensor. Interestingly, they found that loss of CMK-1 function did not affect the rate of adaptation but was required for the overall magnitude of adaptation. To gain further insights, they conducted a series of time course experiments by measuring T* AFD in animals that were shifted between 15 C and 25 C and found that T* AFD is reset on both short (2-3 min) and long (3-5 hr) timescales in both wildtype and cmk-1 mutants.
Next, they hypothesized that gene transcription might be altered during adaptation, given the slow phase of T* AFD adaptation in temperature upshift experiments. As the AFD-specific receptor guanylyl cyclases (GCY-8, GCY-18, and GCY-23) are required for establishing the correct T* AFD of AFD neurons (Inada et al., 2006) , the authors quantified all three gcy mRNA and protein levels following temperature shift and concluded that gcy gene expression levels correlate with the cultivation temperature. Since it is well established that CaMKs are involved in transducing the activity at the synapse to transcription at the cellular level, they investigated the role of CMK-1 in gcy gene expression changes upon temperature up-or downshift. Indeed, they found that gcy mRNA and protein levels were not increased upon warming in cmk-1(oy21) null mutants. Then, they investigated the subcellular localization of CMK1::GFP in AFD upon temperature up-and downshift between 15 C and 25 C. To their surprise, they found that CMK-1::GFP was enriched in the AFD nucleus when animals grown at 15 C were exposed to 25 C for just 15 min. This is in clear contrast to CMK-1::GFP localization in the cytoplasm of AWC neurons, regardless of growth temperatures, strongly suggesting an active role for CMK-1 in the nucleus during adaptation. This transcription-dependent adaptation is particularly interesting and might be broadly conserved, as it has also been shown previously in Drosophila that long-term sensory adaptation requires gene expression changes .
To gain deeper insights into the role of CMK-1 activity in resetting T* AFD at higher temperatures, the authors examined mutants lacking CKK-1, a CaMKK that phosphorylates CMK-1 (Wayman et al., 2008) , and found strong behavioral defects. More importantly, they also found that CMK-1::GFP was constitutively enriched in the cytoplasm of AFD in ckk-1 mutants regardless of T c . This study provided important clues into the molecular and cellular mechanisms essential for plasticity in setting the threshold of thermosensory neurons in C. elegans.
Cytoplasmic versus Nuclear CaMK
Signaling Has Antagonistic Roles in Noxious Thermal Response C. elegans produces robust avoidance behavior in response to noxious heat (Wittenburg and Baumeister, 1999) . Here, Glauser and colleagues showed that C. elegans has the ability to reset this avoidance response based on past experience (Schild et al., 2014) (Figure 1 ). Worms pre-exposed to high temperature showed decreased noxious heat avoidance compared to naive animals. To identify the molecules regulating noxious heat avoidance, they conducted a forward genetics screen and identified a novel mutation in cmk-1, which showed decreased avoidance response even without previous exposure to high temperatures. Molecular characterization showed that this cmk-1 mutation results in a truncated protein with enriched nuclear localization compared to the full-length protein. These results led the authors to hypothesize that enrichment of CMK-1 in the nucleus could result in decreased thermal avoidance in C. elegans. To test this hypothesis, they ectopically localized full-length CMK-1 to the nucleus and found that it behaved like the truncated protein. On the contrary, ectopic localization of full-length CMK-1 to the cytoplasm resulted not in a decrease, but rather in an increase in thermal avoidance. These results suggest that upon pre-exposure to high temperatures, CMK-1 shuttles to the nucleus, and it is this nuclear enrichment of CMK-1 that results in decreased thermal avoidance. Indeed, this turned out to be the case. Full-length CMK-1 showed enriched nuclear expression in FLP neurons when animals were pre-exposed to high temperatures, and the expression increased with increased acclimation time at high temperatures. Altogether, the above results uncovered different roles of CMK-1 in the nucleus versus cytoplasm. While the nuclear CMK-1 is responsible for decreased thermal avoidance in accordance with past experience, the cytoplasmic CMK-1 results in increased thermal avoidance.
CMK-1 activation is regulated by its phosphorylation by CKK-1 (Wayman et al., 2008) . Therefore, the authors decided to determine whether CKK-1-dependent phosphorylation of CMK-1 played a role in thermal avoidance. They performed a detailed molecular and behavioral analysis using an engineered CMK-1 lacking the CKK-1 phosphorylation site and found that CKK-1-dependent Innocuous heat is perceived by AFD and the noxious heat by FLP. The thermosensors have yet to be identified. In AFD, CMK-1 signaling sets the neuronal threshold in accordance with past cultivation temperature. In FLP, CMK-1 signaling regulates response to noxious heat based on previous temperature exposure. In both neurons, CMK-1 nucleocytoplasmic shuttling is important for reshaping C. elegans behavior in response to past experience. phosphorylation of CMK-1 was required for decreased thermal avoidance upon previous exposure to high temperatures. Moreover, CKK-1 was required not only for translocation of CMK-1 to the nucleus upon previous high temperature exposure, but also for its activity in the nucleus. Interestingly, CKK-1 activity was also required for increased avoidance to high temperatures. These results, in combination with opposite effects of cytoplasmic versus nuclear CMK-1, suggest that CKK-1 increases thermal avoidance by activating cytoplasmic CMK-1 signaling and decreases thermal avoidance by activating nuclear CMK-1 signaling.
Both studies dissected the mechanisms of adaptation of sensory neuron responses and added critical pieces to the puzzle of memory storage in thermosensory neurons. The two studies also open up several lines of inquiry. What are the downstream targets of CMK-1, and are they similar in AFD and FLP neurons? This is especially interesting as Sengupta and colleagues reported that CREB and HSF-1, two common targets of CaMK, are not activated by CMK-1 in AFD neurons. How do cytoplasmic and nuclear CaMK carry out opposite roles in thermal avoidance? A recent elegant study demonstrated that gCaMKII acts only as a carrier for Ca +2 /CaM complex rather than a kinase (Ma et al., 2014) . In light of this work, it will be fascinating to examine whether CMK-1 is only required for translocation of Ca +2 /CaM complex into the nucleus or if the kinase activity of CMK-1 is essential for its activity in AFD neurons. These two elegant studies highlight the amazing power of C. elegans to understand fundamental questions in neurobiology by dissecting the precise roles of individual neurons and identifying the underlying signaling molecules.
